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Six ionic liquids based on the 1-butyl-3-methylimidazolium cation have been studied. As anions Cl−,
Br−, I−, NCS−, NCN2−, and BF4− were selected. The electrical conductivities were
determined between 173 and 393 K based on impedance measurements in the frequency range from
0.1 to 107 Hz. The electrical conductivity increases, whereas the glass transition temperature, the
fragility, and the low temperature activation energy decrease with increasing anion size. The results
can be understood from the changing anion-cation interaction strength with changing anion size and
from the energy landscape interpretation of the glass transition dynamics. © 2010 American
Institute of Physics. doi:10.1063/1.3455892
I. INTRODUCTION
Ionic liquids ILs are organic salts with a low melting
point, typically below 100 °C. The current interest1 in their
properties stems from their potential in electrochemical and
catalytical applications. In particular their high electrical
conductivity and very low vapor pressure are advantageous,
as well as the fact that by proper design their physical and
chemical properties can be tuned for specific applications.
Due to the large number of possible cation-anion combina-
tions, it is of great interest to understand how the properties
of newly synthesized ILs can be predicted from the structure
of the molecule, in order to choose suitable candidates for a
given application.
One of the properties of ILs, which is of indirect impor-
tance to those applications, is their tendency to form super-
cooled melts and glasses at low temperatures. The study of
the glass transition is an important topic in soft condensed
matter research. Whereas the phenomenology of the behavior
is well known, the theoretical understanding and modeling
are far from complete. Information about how the molecular
properties of the glassforming molecule influence the glass
transition may contribute to a better understanding of this
phenomenon. ILs are interesting candidates for this type of
research, as a rich variety of them is available and many of
them reach a glassy state upon cooling. Rivera et al. showed,
using broadband dielectric spectroscopy and depolarized
light scattering, that ILs behave like typical glassforming
liquids.2,3 Also other ILs Ref. 4 and properties, such as
solvation dynamics,5 diffusion coefficients,6,7 structure,8 and
heat capacity,9 have been studied at temperatures toward the
glass transition.
Some systematic work is available concerning both the
glass formation and electrical conductivity in ILs. In particu-
lar for the subclass of protic ILs which includes many of the
commonly studied ILs, Angell and co-workers10–14 dis-
cussed relations between molecular structure, glass forma-
tion, phase transitions, and transport properties. They con-
cluded that the mechanisms involved are quite subtle,
including in their reasoning also the formation energies and
the acidity or basicity of the acid and base from which protic
ILs can be formed. Also other researchers have investigated
protic ILs.15,16
Systematic searches have also been performed by other
researchers. In three successive papers of the same group,
ILs for which the anion,17 the cation alkyl chain length,18 and
the cation19 were varied, were studied with multiple experi-
mental techniques, including electrical conductivity mea-
surements. The focus of these works was on ILs with perflu-
orinated anions. A work also including changing anions with
a fixed cation20 shows that for C2mimBr and C2mimI, the
electrical conductivity is quite similar; further it also com-
pares well to the values given for C2mimTfO and
C2mimTf2N where TfO− stands for trifluoromethane-
sulfonate and Tf2N− for bistrifluoromethanesulfonyla-
mide. The results were mainly obtained at room temperature
and above.
In previous work,21 we have determined the electrical
conductivity of a substantial number of compounds, looking
for tendencies in the electrical conductivity, its temperature
dependence, and the glass transition temperature with chang-
ing ion features. We studied the properties of the 1-alkyl-3-
methylimidazolium tetrafluoroborate series CnmimBF4,
where the length of the alkyl chain n was varied from 2 to
11. Also a short series of 1-hexyl-3-methylimidazolium with
different anions was included. We found that the values of
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the electrical conductivity and the fragility for 1-hexyl-3-
methylimidazolium bromide C6mimBr were significantly
different from those of the other compounds, and we linked
this to the presence of hydrogen bonding between the hydro-
gen atoms on the imidazolium ring and the bromide ion.21
In the present work, we continue to study the same type
of ILs—imidazolium-based ILs with the possibility to form a
hydrogen bond—but this time in a more systematic way. The
cation was fixed to 1-butyl-3-methylimidazolium, C4mim+,
whereas the anion was varied.
We have structured this paper as follows. Details of the
experimental setup are discussed in Sec. II. The results and
the analysis of the data are given in Sec. III, with specific
attention for the electrical conductivity Sec. III A, the pa-
rameters related to the glass formation Sec. III B, and a
comparison of different models for the temperature depen-
dence of the electrical conductivity Sec. III C. These results
are discussed in Sec. IV, leading to a conclusion given in
Sec. V.
II. EXPERIMENTAL DETAILS
We studied six ILs based on the 1-butyl-3-
methylimidazolium cation C4mim+. The anions selected
were chloride Cl−, bromide Br−, iodide I−, thiocyanate
NCS−, dicyanamide NCN2−, and tetrafluoroborate
BF4−. The first three of them, Cl−, Br−, and I−, are halide
ions. The two larger anions, NCS− and NCN2−, are
called pseudohalide ions, as their properties show similarities
with those of the genuine halides. For comparison, the
“model IL” C4mimBF4 was included in the survey. All
six compounds were obtained from IoLiTec Ionic Liquids
Technologies GmbH & Co. KG, Denzlingen, Germany.
Two series of electrical conductivity experiments were
conducted. In the first series, the ILs were measured as re-
ceived. In the second series, additional drying was per-
formed. Prior to measurement, all the samples were dried
with the Schlenk technique at 105 °C and then stored and
packaged for transport to the experimental setups in a glove
box under argon atmosphere. The samples were then trans-
ferred in the closed measurement cells under dry nitrogen
atmosphere.
The water content of the samples was determined by
means of a Coulometric Karl Fischer Titrator model DL39,
Mettler–Toledo GmbH, Greifensee, Switzerland. Specifica-
tions for the measured ILs are summarized in Table I. The
water concentration is given in ppm mass concentration.
100 ppm typically corresponds to a molar concentration in
the order of 0.1% for ILs of this molecular weight.
Dielectric experiments have been performed with the
same equipment and under the same circumstances as de-
scribed earlier in Ref. 21. An Alpha dielectric analyzer and
Quatro temperature controller Novocontrol Technologies
GmbH & Co. KG, Hundsangen, Germany were used to ob-
tain complex impedance data from 0.1 to 107 Hz for tem-
peratures ranging from 173 to 393 K. The sample was placed
in an airtight stainless steel parallel plate capacitor. The tem-
perature was controlled by a nitrogen flow.
The temperature range for C4mimNCS was limited to
30 °C because this compound turned out to be unstable at
higher temperatures. In the first run, a reaction involving the
sample resulted in a black liquid and caused the IL to leak
out of the measurement cell. During the drying process,
white fumes were formed that were not due to water vapor,
but might have been decomposition products.
From the dielectric results, the electrical conductivity 
was obtained from the region in the imaginary part of the
complex dielectric permittivity =− i where the slope
of log  versus log  is equal to 1. The intercept of this
straight line is the dc-conductivity since for the idealized
case of a compound with purely Ohmic conductivity,
 =
0
0
, 1
with 0 as the permittivity of vacuum and  as the angular
frequency of the applied measuring electrical field. A more
extensive discussion of this approach can be found in Ref.
21.
The glass transition temperature Tg was obtained from a
standard differential scanning calorimetry DSC experiment.
Aluminum sample holders were placed in a Q1000 DSC TA
Instruments, New Castle, DE, USA. Two measurements
have been performed. First the samples were measured with-
TABLE I. Properties of the studied ILs.
Compound Material Amount Method
C4mimCl Nominal 99%
C4mim 99.88% ICa
Water 89 ppm KFb
C4mimBr Nominal 99%
C4mim 98.83% IC
Water 68 ppm KF
C4mimI Nominal 98%
Water 61 ppm KF
C4mimNCS Nominal 98%
C4mim 98.83% IC
NCS 99.74% IC
Cl 0.26% IC
Water 98 ppm KF
C4mimNCN2 Nominal 98%
C4mim 99.53% IC
NCN2 99.29% IC
Cl 0.71% IC
Waterc 430 ppm KF
Water 58 ppm KF
C4mimBF4 Nominal 99%
C4mim 99.8% IC
BF4 99.99% IC
Cl 0.01% IC
Waterc 150 ppm KF
Water 22 ppm KF
aIon chromatography, performed by Iolitec.
bKarl Fischer titration.
cData for the undried sample, supplied by Iolitec.
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out any treatment the transport to and transfer into the DSC
apparatus involved some steps where the samples were
shortly exposed to the atmosphere. For the second run, the
samples were dried in situ by heating them in a pierced pan
to 70 or 80 °C under nitrogen atmosphere for 2 h directly
prior to the measurements. Tg was determined as the tem-
perature of the inflection point of the heat flow versus the
temperature curve in a 10 K/min heating run.
Because of the used experimental procedures, two series
of impedance and Tg measurements are obtained: at an un-
known but still reasonably low water content and at the
lower water content reported in Table I. It was observed that
the conductivity in the dry samples was lower than in the
undried samples, by 10%–30% in the liquid phase and by
two to three orders of magnitude in the crystalline phase. Tg
dropped by 5–20 K for the samples with higher water con-
tent. In the following, only data for the dried samples have
been used.
III. RESULTS
A. Electrical conductivity
In Table II our results for the electrical conductivity are
compared to literature values and to viscosity values.
Literature values for the electrical conductivity of these
ILs have not often been reported: For C4mimBr and
C4mimNCS we were even unable to find literature data.
Where there are values available, they were read from the
figures in the publications, resulting in a substantial error.
Considering this limitation, the values for C4mimI and
C4mimNCN2 are comparable with the literature values.
In the same respect, the value at 20 °C for C4mimCl is
alike, but the two orders of magnitude deviation at lower
temperature may reflect the difference in water content be-
tween the two samples. When the complete curve of Ref. 3 is
compared to our results, one sees a clear difference in Tg.
This circumstance easily leads to large differences of the
actual values at fixed temperatures, although the physics of
the system is clearly the same.
No room temperature data for the viscosity of
C4mimCl and C4mimBr were found, as their melting
points are much higher than room temperature. As far as the
comparison allows, the observation that the conductivity is
inversely proportional to the viscosity Walden rule, see Sec.
IV can be qualitatively observed from the data in Table II.
In Fig. 1, the conductivity values for the three cooling
runs for each sample are included. As a first observation, we
see that the relative order for the value of the electrical con-
ductivity remains the same for the entire temperature range,
and that this order is that of increasing anion size: The ILs
with larger anions are more conductive. C4mimNCN2
has one of the higher values available in literature with 0.94
S/m at room temperature 293.15 K.
The figure shows that all six compounds have a pro-
nounced curved, so called fragile behavior, as seen in many
glassforming substances. Moreover, no evidence for crystal-
lization can be seen before the conductivity contribution to
TABLE II. Comparison of the conductivity and viscosity values for the studied ILs at different temperatures.
Compound
T
°C

S/m
Reference
Viscosity
mPa s ReferenceThis work Literature
C4mimCl 20 0.0023 0.0050 3
20 8.410−7
21 1.410−5 3
40 4.110−10
41 6.910−8 3
80 146.8 22
C4mimBr 20 0.0077
C4mimI 20 0.028 0.058 20
25 1110 23
75 0.71
76 1.2 20
117 3.1 20
120 2.5
C4mimNCS 20 0.42 54 24
C4mimNCN2 20 0.94
25 1.09 25 29.3 25
70 2.85 25 6.9 25
C4mimBF4 20 0.32
25 0.35 26 180 26
104.2 7
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the spectrum moves out of the experimentally accessible fre-
quency window. There are two compounds which show
some particular behavior.
In two of the three cooling runs, C4mimCl follows the
“normal” behavior, but in one of them, it goes to a state with
a higher conductivity compared to the normal one. We are
unsure about the nature of this state and think that is prob-
ably not a crystalline phase since on heating the same trajec-
tory is followed, reaching again the fluid state without a vis-
ible melting transition at a temperature much below the
standard melting point of 70 °C.22 Similar behavior has been
observed in the undried C4mimCl and in the undried
C4mimBr.
The temperature dependence of C4mimNCN2
shows a clear change near −40 °C: the Vogel–Fulcher–
Tammann VFT-like curved behavior at higher temperatures
is replaced by an Arrhenius straight line behavior at lower
temperatures. Yoshida et al.25 reported a crystallization at
−35 °C and Fredlake et al.27 report this at −25 °C. However,
on the basis of the same argumentation as above, crystalliza-
tion is a doubtful scenario. There is no sharp step at this
temperature, as one would expect at a crystallization, and the
heating run follows the same trajectory as the cooling run.
In both cases, the temperature at which these changes
occur corresponds roughly to the temperature at which sev-
eral models predict a change in the dynamics of the glass-
formers 1.3Tg, see next section. However, some questions
that remain for such an interpretation are the following. Why
does it not occur in C4mimCl in all cooling runs? Also why
does it depend on the water content, as seen in C4mimCl
and C4mimBr? In contrast, in C4mimNCN2, the
change is independent of the water content.
B. Glassforming behavior
In order to get quantitative information about the glass-
forming behavior of the ILs, we have performed fits of the
conductivity data to the VFT equation. This phenomenologi-
cal equation is widely used to describe data of glassforming
systems since it can reproduce the curvature in the Arrhenius
plot that is typical for many glassformers. The VFT equation
has been used here in the form
T =  exp− BT − T0 , 2
where  is the high temperature limit of the conductivity
and B is a fitting parameter controlling the curvature which
can also be viewed as the high temperature activation energy
of the process underlying the conductivity, together with T0,
the Vogel temperature that typically lies a few tens of de-
grees below Tg. Various interpretations of T0 can be found in
literature see, e.g., Ref. 28, one of them being that T0 is the
temperature at which the relaxation time would diverge.
Because of the shape of the VFT curve, the determina-
tion of T0 requires that there are experimental data points
near T0. Although it is impossible to experimentally reach the
dynamics around T0 the measurement time would become
irrealistically long, in this work and also our previous
work,21 we obtained data at temperatures that in many sys-
tems nearly reach as low as Tg, in contrast to much of the
earlier work.
In Fig. 1 the data are presented that have been used later
on for the VFT fits. The data points at the highest tempera-
tures have rather large error bars because the conductivity
region in the spectra had shifted to high frequencies, and
only a few points could be used to extract . At low tem-
peratures, an analoguous argument applies: the conductivity-
dominated region shifts to low frequencies and out of our
experimental window.
It seems possible, at first sight, to fit the entire tempera-
ture dependence with a single VFT expression. However, a
more careful view on the data shows that this is not always
the case. Therefore, we have performed, where possible,
VFT fits over three temperature ranges. For all three ranges,
only data points in the cooling runs were included.
Full liquid range: the entire temperature range over
which the sample is measured and over which it clearly is
liquid. This corresponds, except for C4mimNCN2 be-
low −38 °C is excluded and C4mimCl the deviation is
excluded, to the data points depicted in Fig. 1.
Stickel plot range: For a data set expected to show VFT
behavior one can calculate the derivative
d ln dT 
−1/2
=
1
B
T −
T0
B
. 3
Thus on this type of derivative plot, a VFT dependence
should show as a straight line with nonzero intercept. An
Arrhenius dependence would show as a straight line with
zero intercept, since it corresponds to T0=0. This derivative
can be used as a very sensitive test to distinguish multiple
dynamic regimes that should be described with different sets
of VFT parameters.29 In this work, a temperature region has
been selected from the lowest temperatures up that, accord-
ing to this derivative plot, is described by a single set of VFT
parameters.
“1.3Tg” range: It is seen that at a temperature between
1.15Tg and 1.3Tg some changes take place in the dynamical
1000/T [1/K]
2.5 3.0 3.5 4.0 4.5 5.0 5.5
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g
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FIG. 1. Arrhenius plot for the electrical conductivity vs inverse temperature
for the six ILs.  C4mimCl;  C4mimBr;  C4mimI; 
C4mimNCS;  C4mimNCN2;  C4mimBF4.
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behavior of the glassformer.28 This temperature corresponds,
e.g., to the critical temperature of the mode coupling
theory,30 or the temperature where dynamic heterogeneity
becomes visible, or to the decoupling temperature for rota-
tional and translation dynamics.31,32
The “strength” of a glassformer is inversely quantified
via the fragility m, the slope of log 	 versus 1 /T evaluated at
Tg, where 	 is a parameter reflecting the relaxation dynamics,
typically a relaxation time obtained from dielectric or me-
chanical spectroscopy or the viscosity. In this work only the
electrical conductivity is available, but since it is related to
the viscosity of the system via, e.g., the Walden rule, Eq.
11, given below, VFT parameters extracted from  are
meaningful quantities. The calculation of the fragility is per-
formed according to33
m = 	d log10 
−1
dTgT  	T=Tg
=
B
ln 10
Tg
Tg − T02
. 4
This definition shows that m is proportional to the effective
activation energy at Tg, with 1 /Tg as the proportionality con-
stant.
The results of this analysis have been summarized in
Table III. Some relevant parameters are given about the fit-
ting range: the temperature limits and the number of included
data points. The data were only taken from cooling runs. The
errors quoted are the fitting errors that do not reflect system-
atic experimental errors since the latter ones are much
smaller. The errors on the fitting parameters have been cal-
culated on the basis of a most squares approach,34 which
takes covariances between fitting parameters into account.
When interpreting the fragility parameters in Table III,
one must first be aware of some caveats. First of all, the
values for the fragility obtained from the fits in the low tem-
perature ranges Stickel range and 1.3Tg range are more
relevant than that over the full fluid range. The values of the
VFT parameters strongly depend on the “choice” of T0, and
T0 the temperature at which the relaxation property will di-
verge can be determined more accurately this mainly
means: with a more physically relevant value if there are
more data points near T0, or in practice, Tg. This effect is
clearly illustrated for the case of C4mimNCN2. Only
data far above Tg can be included, and the calculated fragility
m is much larger than any reported value in literature.35 In
TABLE III. VFT fit parameters and derived quantities for the six ILs.
Compound
RT
S/m
Tlow
K
Thigh
K
No. of
data points
ln 
S/m
B
K
T0
K
Tg
a
K m
C4mimCl 0.0023 233 393b 92 8.1
0.1 1626
20 178.9
0.6 205.1
3 c 210
50
233 303d 44 10.7
0.3 2076
60 169
1 142
50
233 267e 20 14
1 2621
200 159
4 111
30
C4mimBr 0.0077 225 393 114 7.67
0.06 1491
10 175.4
0.3 220.8
2 f 69
7
225 298 63 9.1
0.1 1723
20 170.1
0.5 64
6
225 287 54 9.7
0.2 1804
30 168.4
0.7 63
6
C4mimI 0.028 213 393 118 7.03
0.05 1343
9 167.0
0.2 214.7
12 g 55
30
213 283 72h
213 279 69 8.4
0.1 1532
10 162.6
0.2 53
20
C4mimNCS 0.42 191 303 115 6.53
0.02 1014
3 156.0
0.1 195.2
7 56
20
191 243 81 6.79
0.05 1041
5 155.3
0.1 55
20
191 253 87 6.69
0.05 1031
5 155.6
0.1 56
20
C4mimNCN2 0.94 235 393 85 4.40
0.03 523
6 175.9
0.5 184.6
5 i 556
700 j
247 333 46 4.47
0.03 528
7 176.4
0.7 631
800j
235 240 ¯ k
C4mimBF4 0.32 187 393 157 6.23
0.03 1078
6 149.7
0.1 189.4
13 l 56
30
187 273 105 6.86
0.04 1160
5 147.6
0.1 55
30
187 233 72 7.24
0.05 1205
7 146.5
0.2 54
30
aThe error on Tg has been determined from a comparison between our results and selected literature values. The difference between the values is the indicated
error. For C4mimNCS the average of the other errors has been used.
bTemperature range corresponding to the full liquid range.
cLiturature value: Tg=208 K Ref. 3.
dTemperature range corresponding to the range determined on the Stickel plot see text for details.
eTemperature range between the lowest available value and 1.3Tg.
fLitt.: Tg=218.9 K Ref. 36.
gLitt.: Tg=202 K Ref. 20.
hThis range gives the same parameters as the next.
iLitt.: Tg=179 K Ref. 37 Tg=183 K Ref. 27.jThis value is not realistic, see text for details.
kThis temperature range does not contain sufficient data points for a reliable fit.
lLitt.: Tg=190 K Ref. 17 and Tg=202 K Ref. 38.
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addition the difference between T0 and Tg is unrealistically
small. Something similar applies to C4mimCl, although
here m is more realistic. It has for sure the highest fragility of
the compounds reported here.
To verify the results obtained from the calculation, a plot
was made where the temperatures are rescaled with Tg and
the conductivities with Tg. The value for Tg was ob-
tained from the VFT fit. As a consequence, the curves for
C4mimCl and C4mimNCN2 are not included, because
for these compounds the procedure required an extensive ex-
trapolation of the VFT fit, which could not be reliably made.
Figure 2 shows that of the four analyzed ILs C4mimBr has
the higher fragility, whereas the three other compounds have
about the same curvature near Tg, consistent with the number
obtained in Table III.
There are some tendencies that can be immediately as-
sessed from the table and the figures:
• The electrical conductivity at room temperature is in-
creasing with increasing anion size. This trend is re-
flected in the prefactor of the VFT expression, ln .
• The fragility is decreasing with increasing anion size
smaller m.
• Tg and T0 are decreasing with increasing anion size.
• The VFT parameters and derived fragilities are not very
different over the three temperature ranges at least in
those cases where all three ranges yield reliable num-
bers. This suggests that a decoupling of the conductiv-
ity from the other physical parameters near Tg is not
present in these systems.
As mentioned above, the extracted values for the fragil-
ity of the different compounds in Table III are subject to
rather high uncertainties. This is a consequence of the defi-
nition of this quantity as a feature of the VFT curve in the
neighborhood of Tg, which could not be experimentally
reached for all investigated ILs. Additionally the error on m
also reflects the high uncertainty quoted for Tg.
C. Comparison between different models for the
temperature dependence of the conductivity
Most researchers have been using the VFT equation to
describe the temperature dependence of the relaxing physical
quantities, but many other model functions have been pro-
posed. In this section, we shortly compare some of the mod-
els:
• The Adam–Gibbs equation,39
 =  exp− BScTT , 5
where B is an effective activation barrier and ScT the
configurational entropy of the liquid.
• The VFT equation, given in Eq. 2, where the param-
eter B can be seen as the high temperature limit of the
effective activation energy.
• The MIGRATION-based expression applied by Šantić and
co-workers,40
 =

T
exp
− EkBT −  expE
/K
kBT
 , 6
where E is the Arrhenius-type activation energy of
the underlying process, for the other parameters we re-
fer to Ref. 40.
• The expression that Mauro et al.41 recently proposed,
 =  exp
− KT expCT  , 7
where C is the Arrhenius-type activation energy of the
underlying process that governs the configurational en-
tropy and K combines a number of constants related to
the underlying model. A derivation and further refer-
ences can be found in Ref. 41.
The two latter expressions, Eqs. 6 and 7, are repre-
sentatives of a broader class of functions that contain an
exponential function of 1 /T as argument to another exponen-
tial function. Such functions typically emerge when the
B /ScT parameter of Eq. 5 is expanded based on some
modeling of these parameters, or via a similar modification
of the activation energy in the Arrhenius equation. In this
respect, comparison of the results of such fits might give an
indication of the validity of the underlying assumptions.
The results of fitting the experimental data with the dif-
ferent model functions are summarized in Fig. 3 for the
Adam–Gibbs approach and in Table IV for the other models.
For the fits we only used the three ILs for which the full
temperature range from 120 °C to Tg is available and the fits
were performed over this entire range. For the Adam–Gibbs
approach, we will extend the discussion to all the ILs be-
cause of the connection with the fragility m obtained in the
previous section.
A first visual comparison of the residuals of the different
fits does not show any important differences Fig. 4. The 2
values, the sum of the squared deviations between the loga-
rithmic values of  from fit and experiment, are of the same
Tg/T
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FIG. 2. Tg rescaled Arrhenius plot for the electrical conductivity vs inverse
temperature for four of the ILs.  C4mimBr;  C4mimI; 
C4mimNCS;  C4mimBF4.
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order of magnitude. In order to compare the fitting qualities,
we have evaluated the ratios between the 2 values of the
three models and subjected these values to a statistical F-test.
When the ratio lies between 0.74 and 1.35, then the fits can
be considered equally good to a significance level of 95%.
Ratios smaller than 1 indicate that the fit in the numerator is
the better one. These ratios are given in Table V. The VFT
and the model of Mauro et al. perform about the same and
both are worse than the model of Šantić et al. It is important
to mention that this function has an extra parameter com-
pared to the VFT and the function of Mauro et al.
For a good theoretical model, besides giving a good fit
for a single compound, meaningful evolutions should be vis-
ible in the parameters when series of compounds are mea-
sured. The prefactors for the three models show a decrease
from C4mimBr toward C4mimBF4. Also the “funda-
mental activation energy” parameters in the model functions
i.e., B, E, and C in the VFT, Šantić and Mauro model,
respectively show a decrease in the same direction the di-
rection of decreasing anion-cation interaction. Also the
other parameters reported show a systematic dependence. It
should be mentioned that the parameter K of the approach of
Šantić et al. was kept fixed during the fit to the literature
value40 for C4mimBF4. When this parameter is left free,
small changes in K lead to substantial changes in the other
parameters, breaking down the systematic evolutions that are
seen with K fixed. It this respect, the separate determination
of K from a different approach as described in Ref. 40 ap-
pears to be required for a successful application of this
method. Thus all three functions allow the researcher to ob-
tain parameter values that reflect the physics of systematic
series of compounds, with the caveat for the function of Šan-
tić et al. to be kept in mind.
Hence the comparison between the VFT and Šantić and
Mauro functions does not give a decisive argument to prefer
or exclude one of these respective models. A similar conclu-
sion concerning the VFT and the model of Mauro et al. was
reached on a broader data set,42 while in many cases the
model of Mauro et al. performed better than the VFT func-
tion; several examples of the opposite were found too.
The formulation of the Adam–Gibbs approach above
leads to a description in terms of the function ScT, rather
than a limited set of fit parameters. As such, the “fit” cannot
be quantified and discussed as above, but the discussion will
be based on Fig. 3, where EAT is plotted, essentially a
rescaling of B /ScT,
EAT = kB
 log10 −1
1/T
=
kB
ln 10
B
ScT
. 8
Note that EATg / kBTg corresponds to the fragility m. An
expression for the fragility can also be obtained from the
models of Šantić et al. and Mauro et al. following the defi-
nition in Eq. 4. For both models, the tendency earlier ob-
served for the fragility derived from the VFT equation is
reproduced, but with slightly different absolute values.
Toward high temperatures the effective activation ener-
gies of the different anions tend to the same value. This is
expected since in the high temperature limit the thermal en-
1000/T [1/K]
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FIG. 3. Effective activation energy EAT as a function of inverse tempera-
ture. 1 C4mimCl, 2 C4mimBr, 3 C4mimI, 4 C4mimNCS, 5
C4mimBF4, and 6 C4mimNCN2.
TABLE IV. Fit parameters for fits of the C4mimBr, C4mimI, and C4mimBF4 conductivity data over the entire temperature range to Eqs. 2, 6, and
7. Parameters in parentheses are kept fixed during the fitting. The number of digits printed is an indication for the obtained error on the parameters.
Compound
VFT Šantić et al. Mauro et al.
ln
S/m
BkB
eV
T0
K 2

106 S K /m 
E
eV K 2
ln 
S/m
K
K
CkB
eV 2
C4mimBr 7.67 0.128 175.4 0.0111 2.27 0.087 0.202 1.9 0.0033 3.69 157 0.070 0.0050
C4mimI 7.03 0.116 167.0 0.0078 1.56 0.072 0.197 1.9 0.0033 3.39 144 0.066 0.0076
C4mimBF4 6.23 0.093 149.7 0.0087 1.16 0.046 0.185 1.9 0.0017 3.16 119 0.059 0.0148
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FIG. 4. Residuals of the fits of log  to the different model functions for
C4mimI.  VFT fit;  Šantić et al. fit;  Mauro et al. fit.
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ergy starts to be so high that the details of the interionic
potentials become less important. On the other hand, the low
temperature value effective activation energy is strongly de-
pendent on the ion size: The change of activation energy
with temperature, which reflects the strength of the curvature
of the Arrhenius plot, decreases as the size of anion increases
from Cl−, over Br− and I− toward NCS−, NCN2−, and
BF4−. This trend is consistent with the decreasing trend of
the m values in Table III.
For the three ILs that we discuss here, the values of
EAT are decreasing with increasing ion size, the same ten-
dency as for the related fit parameters in the three discussed
fit models. This tendency also holds in case the temperatures
are rescaled toward Tg, i.e., comparing values of EAT at the
same distance of Tg, as opposed to comparing toward the
available thermal energy in the previous case, the latter being
probably the more natural.
In summary, all approaches show essentially an increas-
ing value of the effective activation energy with suspected
increasing anion-cation interaction. This feature will be dis-
cussed in more detail below in terms of the energy landscape
model.
IV. DISCUSSION
In the previous analysis, the potential effects of changes
in the ionicity of the IL have been ignored. A thorough dis-
cussion of this subject would require additional data. Ex-
amples of such analysis can be found in Refs. 6, 7, 17–19,
and 43–45, where a comparison of self-diffusion data with
conductivity and/or viscosity data yields interesting conclu-
sions on the presence and influence of ion pairs and related
phenomena.
A very general way to describe the relation between con-
ductivity and molecular mobility in ILs is
T = 
i
ni
+Tqi
+i
+T + 
j
nj
−Tqj
− j
−T , 9
where n is the number density of charge carriers, q is the
charge of a carrier, and  is the mobility of the charge car-
rier, for positive index + and negative carriers index ,
and for different charge carrier types indices i and j. In the
following discussion, the relation will be simplified under
certain assumptions.
• Only singly charged carriers are present: q+=q−=e
=1.610−19 C.
• The charge carriers are the cation and the anion.
• The number densities of anions and cations are the
same. This corresponds to assuming a macroscopically
neutral liquid.
• The molecular mobilities for anions and cations are the
same.
From pulsed field gradient NMR measurements, it is
known that this last assumption is not entirely true;17–19,43–46
in many cases the cation seems to be slightly more mobile
than the anion. However, since the temperature dependencies
of the mobilities are the same, this can be resolved by intro-
ducing an averaged mobility. Thus the previous equation is
simplified to
T = nTeT . 10
In this equation still two separate temperature dependencies
arise that contribute to that of T. Changes in the number
density nT are related to changes in the amount of free ions
that can carry charge around through the IL i.e., free ions
versus ions pairs, and this quantity has been shown to be
only weakly temperature dependent.6,7,45
Hence, we do not think that changes in ionicity have an
important influence on our analysis, in the sense that the
effect of temperature and ionic details on the behavior of the
electrical conductivity can be interpreted as dominantly due
to the effect on the ionic mobility. Even if they have, the
electrical conductivity in itself is an important quantity in ILs
in its own right.
Models based on the theory of the Brownian motion lead
to the Walden rule,47,48 which predicts an inverse proportion-
ality between the molar conductivity  and the viscosity ,
 = const. 11
The constant is essentially a material constant that increases
with increasing ionic radius r. The validity of the Walden
rule has been shown for ILs.48
The approach to interpreting the conductivity data and
their link to the molecular diffusion via such relations as the
Walden rule, the Stokes–Einstein equation and the Einstein–
Smoluchowski equation has been used before, generally con-
firming its validity. Particularly interesting work in this con-
text, already indicated above, was done by Tokuda and
co-workers17–19,43 and Sangoro and co-workers,6,7 who used
a combination of pulsed field gradient NMR allowing to
determine the self-diffusion coefficients and electrical con-
ductivity measurements. Tokuda et al. were able, by the use
of fluorinated anions, to selectively determine the diffusion
coefficients for the anion and the cation separately. Also
noteworthy is the extensive combined analysis of Stolwijk
and Obeidi.45
When, based on the observations above, we attempt to
predict the electrical conductivity for a series of ILs in which
the size of the anion is increasing, we arrive at the conclusion
that, for an increasing ionic radius r, the mobility is decreas-
ing and as a direct consequence also that  is decreasing.
This is the opposite tendency compared to what is observed
in the actual measurement. There are, in our view, two main
interactions that are counteracting the expected decreasing
molecular mobility with increasing ionic size: hydrogen
bonding and charge delocalization.
First, we selected these ILs based on their hydrogen
bonding ability. It is known that hydrogen bonds can be
TABLE V. 2 ratios for the fits reported in Table IV.
Compound Šantić2 /VFT2 Mauro2 /VFT2 Šantić2 /Mauro2
C4mimBr 0.30 0.45 0.66
C4mimI 0.42 0.97 0.43
C4mimBF4 0.20 1.7 0.11
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formed between the hydrogen atoms on the imidazolium ring
and a halide ion.49,50 Due to increased charge delocalization,
the strength of this hydrogen bond decreases if the halide ion
becomes larger. The decrease of the hydrogen bond strength
can be interpreted as a decreasing interaction of the charge
carrier with its environment and thus to an increase in mo-
lecular mobility and conductivity.
The second effect acting on the effective viscosity is that
when the ion becomes larger, the charge is effectively more
spread over the surface of the ion, reducing the charge sur-
face density, and thus decreasing the Coulomb interaction. In
the same way as for the hydrogen bond, such decreasing
interionic interaction ultimately increases the conducitivity.
In this particular series, the “secondary effects” of the
increasing anion size decreased hydrogen bond and Cou-
lomb interaction have a much stronger influence on the mo-
lecular mobility than the “primary effect,” the a priori ex-
pected decrease of mobility for larger ions. Also, by fixing
the cation in the investigated IL series, changes in the van
der Waals forces are kept to a minimum. In previous
work18,20,21,25 it was shown that an increasing length of the
alkyl chain attached to the cation head has an overall de-
creasing effect on  and an increasing one on the viscosity.
This decrease of molecular mobility was explained by the
increased van der Waals forces keeping the chains together,
thus immobilizing them, and by the increased steric hin-
drance and molecular mass and inertia.
For explaining the tendency of increasing electric con-
ductivity and decreasing fragility with increasing anion size
we make use of the conceptual picture of conduction as an
activated process, probing the potential energy landscape51
whose morphology depends on the detailed molecular inter-
actions. On a microscopic level, at low temperatures, the
positions and mobility of ions are determined by rather
strong Coulomb, hydrogen bond, and van der Waals forces,
and ions are rather strongly hindered to move away from
their metastable equilibrium states. The occupied conforma-
tional states are located in the deep and steep parts of the
potential energy valleys and conformational changes neces-
sary for conduction and reorientation require high activation
energies. With increasing temperature, higher energy states
are occupied that are on average further away from the steep
and rigid valleys, and thus the activation energy becomes
typically smaller. The molecular mobility is enhanced, and
the viscous hindrance against conduction and reorientation is
reduced.
In this picture, it is clear that with increasing anion size,
since the ionic charge distributions are less strongly local-
ized, the potential energy valleys become smoother, thus re-
ducing the low temperature activation energy. This is consis-
tent with the experimental observation that ILs with larger
anion size show a weaker temperature dependence of their
activation energy Fig. 3, thus a smaller fragility. Also, the
effect of the reduced interaction strength of larger ions due to
the more extended spread of the charge distribution is con-
sistent with an increased mobility, in spite of their enhanced
mass.
V. CONCLUSION
We studied the electrical conductivity of a series of six
imidazolium ILs over a broad temperature range toward their
glass transition temperature. In the series, the cation was
fixed, while the anion was varied in size and hydrogen bond-
ing ability. The measurements show that the electrical con-
ductivity is increasing with increasing ion size. The fragility
decreases with increasing anion size. This effect is confirmed
by the anion size dependence of other, more robust curve
features that reflect the curvature of the Arrhenius plot, such
as the degree of temperature dependence of the effective ac-
tivation energy.
The decrease of the interaction between the anion and
the cation with increasing anion size—because of reduced
hydrogen bond strength and of reduced Coulomb
interaction—can be used to explain both observations. In
spite of the larger anion mass, the reduced interionic interac-
tion leads to a higher mobility, resulting in an increased elec-
tric conductivity. Similarly, within the potential energy land-
scape interpretation of the glass transition, the reduced
interaction for larger anions leads to a potential energy land-
scape with less steep potential energy wells, resulting in a
lower effective activation energy at low temperatures.
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